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Abstract Understanding the mechanism in the folding path-
ways of proteins is an important problem in molecular biology.
The x-value analysis provides insight into the transition state
structures during protein folding. In this work, we have analyzed
the relationship between the observed x values upon mutations
in two-state proteins (FK506 binding protein, chymotrypsin in-
hibitor and src SH3 domain) and the changes in 48 various
physico-chemical, energetic and conformational properties. We
found that the classi¢cation of mutations based on solvent ac-
cessibility improved the correlation signi¢cantly. The relation-
ship between conformational properties and x values determines
the presence/absence of secondary structures in the transition
state. In buried mutations, the physical properties volume, shape
and £exibility, and the thermodynamic properties enthalpy, en-
tropy and free-energy change have signi¢cant correlation with
x. The short and medium-range non-bonded energy in partially
buried mutations and average long-range contacts in exposed
mutations showed a strong correlation with x values. Multiple
regression analysis incorporating combinations of three proper-
ties from among all possible combinations of the 48 properties
increased the correlation coe⁄cient up to 0.99, by an average
rise of 20% for all the data sets. Information about local se-
quence and structure is more important in surface mutations
than those in buried mutations for explaining the transition state
structures of two-state proteins. Further, the implications of our
results for understanding the process of protein folding have
been discussed. 6 2002 Published by Elsevier Science B.V.
on behalf of the Federation of European Biochemical Societies.
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1. Introduction
The process of protein folding has to follow a speci¢c path-
way or set of pathways in order to fold in a ¢nite time [1].
Elucidating the factors responsible for the folding pathways of
proteins is a challenging task. Hence, several experiments have
been performed using protein engineering techniques and
x-value analysis [2] to characterize the transition state struc-
tures of two-state proteins, such as chymotrypsin inhibitor
(CI2) [3], src SH3 domain (SH3) [4], FK506 binding protein
[5], acyl-coenzyme binding protein [6] etc. These studies reveal
that the transition state is consistent with hydrophobic col-
lapse [7,8] and nucleation^condensation [3] mechanisms.
Recently, Nolting and Andert [9] proposed that the speed
of protein folding could be understood by the formation of
residue clusters which have high preference for the early for-
mation of regular secondary structure in the presence of sig-
ni¢cant amounts of tertiary structure interactions. It has also
been observed that the residue clusters play an important role
in the folding and stability of globular proteins [10^12]. These
clusters are formed by the residues of similar physico-chemical
properties and hence the amino acid properties are one of the
major determinants to understand the folding and stability of
proteins [13^16].
The change in amino acid residues in a protein through
protein engineering alters the physico-chemical properties
and hence its interaction with other residues, which is re£ected
in the x values. In our earlier work, we have related the
changes in amino acid properties with changes in stability
upon buried, partially buried and surface mutations [13,16^
18]. Hence, it will be interesting and important to analyze the
relationship between amino acid properties and x values. We
have extensively studied the FK506 binding protein (FKBP12)
to understand the important amino acid properties responsi-
ble for determining its transition state structure and examined
the results with two other proteins, CI2 and SH3.
Fulton et al. [5] characterized the transition state structure
of FKBP12 by a combination of protein engineering tech-
nique, unfolding kinetics and molecular dynamics simulation.
The structure of the transition state for CI2 has been analyzed
by Itzhaki et al. [3] using protein engineering methods. Fur-
ther, Grantcharova et al. [4] reported the role of hydrogen
bonds in the structurally polarized transition state for the
folding of the SH3 domain. The common feature of all these
three proteins is that they fold via two-state kinetics.
Although a set of x values are available for several mutants
in these two-state proteins, the relationship between speci¢c
properties of amino acid residues and x values has yet to be
completely explored.
In view of these facts, in the present work we have analyzed
the relationship between experimental x values of FKBP12,
CI2 and SH3 mutants and the changes in various physico-
chemical, energetic and conformational properties. We ob-
served that the physical and thermodynamic properties are
the major determinants in the transition state structure of
buried mutants. The medium and long-range interactions
show a good relationship with x values in the partially buried
and exposed mutations, respectively. A multiple regression
analysis has been performed with di¡erent groups comprised
of three properties, obtained from all possible combinations
among the 48 properties, which improved the correlation co-
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e⁄cient up to 0.99. Further, the local sequence information is
very important for a better understanding of transition state
structures in partially buried and surface mutations than that
of buried mutations.
2. Materials and methods
2.1. Experimental data and amino acid properties
The experimental x values of two-state proteins and a set of 48
amino acid properties form the basis of the present study. The
x values of all the 117 mutants in FKBP12, CI2 and SH3 were taken
from the literature [3^5]. The detailed information about the mutants
along with their corresponding solvent accessibility (ASA) and x val-
ues are given in Table 1. The ASA of residues at the mutant site has
been computed using the program ASC as described in our earlier
article [13]. The three-dimensional structures of FKBP12 (PDB code:
1FKJ), CI2 (PDB code: 2 CI2) and SH3 (PDB code: 1SRL) have
been taken from the Protein Data Bank [19]. We have divided the
data set into three groups based on ASA, (i) buried (ASA6 2%),
(ii) partially buried (26ASA6 20%) and (iii) exposed (ASAs 20%).
The cuto¡ value of ASA has been slightly varied for a few cases in
order to have a su⁄cient number of data in each data set.
In our earlier works [17,18], we have used a set of 48 diverse amino
acid properties that fall into various clusters analyzed by Tomii and
Kanehisa [20] to understand the stability of proteins upon mutations.
The same set of properties has been used in the present analysis. The
property values have been normalized between 0 and 1.
2.2. Computational procedure
We compute the changes in property values due to mutations,
vP(i), using the equation [18]
vPðiÞ ¼ PmutðiÞ3PwildðiÞ ð1Þ
where Pmut(i) and Pwild(i) are, respectively, the property values of the
ith mutant and wild type residue. i varies from 1 to N, N being the
total number of mutants. The computed di¡erences of property values
(vP) are related to the changes in experimental x values using corre-
lation coe⁄cients. The correlation coe⁄cients and regression equa-
tions were determined by standard procedures [21] as described in
our previous article [17].
2.3. Local sequence and structural e¡ects






where Pmut(i) is the property value of the ith mutant residue and
gPj(i) is the total property value of the segment of (2k+1) residues
ranging from i3k to i+k about the ith residue of wild type. We use a
window of three and nine (k=1, 4) residues to include the in£uence of
short and medium-range interactions [22,23].
The structural information, Pstr(i), was included using the equation
PstrðiÞ ¼ PsurðiÞ3PmutðiÞ ð3Þ





where nij is the total number of type j residues surrounding the ith
residue of the protein within a volume of 8 AO and Pj is the property
value of residue type j. Further details about the computation of
surrounding residues have been described in our earlier articles
[24,25].
3. Results and discussion
We have carried out the investigations for three di¡erent
sets of data, such as (i) buried, (ii) partially buried and
(iii) exposed mutations, based on solvent accessibility. The
computations have been performed using the three methods,
(i) the property alone (Eq. 1), (ii) using sequence (Eq. 2) and
(iii) using structural (Eq. 3) information.
3.1. Buried mutations
The correlation coe⁄cient, r, obtained by relating the
changes in each of the selected 17 properties (Eq. 1) to the
Table 1
A set of 117 mutations considered in the present study
Mutation ASA x Mutation ASA x
FK506 binding protein (5)
V 2 A 18.09 0.55 R 57 A 58.38 0.42
V 4 A 25.63 0.39 R 57 G 58.38 0.09
I 7 V 46.70 0.16 E 60 A 10.53 0.13
T 21 A 17.09 0.44 E 60 G 10.53 0.06
T 21 S 17.09 0.55 E 61 A 35.78 0.09
T 21 V 17.09 0.61 E 61 G 35.78 0.25
V 23 A 1.43 0.55 V 63 A 0.00 0.49
V 24 A 0.00 0.44 T 75 A 13.27 0.34
T 27 A 13.27 0.38 T 75 V 17.38 0.70
T 27 S 13.27 0.63 I 76 A 0.00 0.51
T 27 V 13.27 0.31 I 76 V 0.00 0.56
F 36 A 25.66 30.08 I 91 A 7.24 0.00
L 50 A 4.97 0.46 I 91 V 7.24 0.80
V 55 A 19.32 0.12 L 97 A 0.16 0.16
I 56 A 19.84 0.21 V 98 A 12.30 0.31
I 56 D 19.84 0.08 V 101 A 0.00 0.61
I 56 T 19.84 0.17 L 106 A 15.57 0.34
Chymotrypsin inhibitor (3)
K 21 A 41.37 30.19 I 49 G 40.70 0.26
K 21 M 41.37 0.03 I 49 T 40.70 0.35
T 22 A 38.57 0.13 L 51 A 21.25 0.19
T 22 G 38.57 0.05 L 51 I 21.25 30.31
T 22 V 38.57 0.52 L 51 V 21.25 30.04
P 25 A 50.18 0.07 V 53 A 50.68 30.01
E 26A 50.20 0.40 V 53 G 50.68 0.16
L 27 A 0.49 0.15 V 53 T 50.68 0.23
K 30 A 41.23 30.49 T 55 V 41.17 0.19
S 31 A 20.48 0.43 V 57 A 40.27 0.12
S 31 G 20.48 0.29 T 58 A 76.78 0.19
E 33 D 56.84 0.20 E 60 A 52.83 0.32
E 33 N 56.84 0.75 Y 61 G 49.69 0.07
E 33 Q 56.84 1.23 R 62 A 49.69 0.09
E 34 D 50.72 0.22 V 66 A 0.00 0.21
E 34 N 50.72 0.53 L 68 A 0.05 0.53
E 34 Q 50.72 0.53 F 69 A 17.19 0.30
A 35 G 0.00 1.06 F 69 L 17.19 0.28
K 36 A 43.90 0.28 F 69 V 17.19 0.25
K 36 G 43.90 0.38 V 70 A 7.87 0.25
K 37 G 67.57 0.70 D 71 A 40.94 0.12
V 38 A 34.03 30.26 N 75 A 28.35 0.09
I 39 V 0.00 0.40 N 75 D 28.35 0.19
L 40 A 43.53 0.25 I 76 A 0.54 0.08
L 40 G 43.53 0.35 A 77 G 40.02 0.11
Q 41 G 78.16 0.12 V 79 A 25.63 30.03
D 42 A 41.78 30.25 V 79 G 25.63 0.04
K 43 A 4.38 30.35 V 79 T 25.63 0.51
K 43 G 4.38 0.10 P 80 A 2.61 0.02
P 44 A 77.17 0.20 V 82 A 11.58 0.03
E 45 A 54.49 0.42 V 82 G 11.58 0.03
I 48 A 18.27 0.25 V 82 T 11.58 0.08
I 48 V 18.27 0.17 D 83 A 11.58 0.44
I 49 A 40.70 0.31
src SH3 domain (4)
F 10 I 19.37 0.05 L 44 A 16.54 0.37
D 15 A 48.92 0.01 A 45 G 1.08 0.72
Y 16 A 15.44 0.10 S 47 A 18.51 0.87
L 24 A 31.45 0.21 T 50 A 80.96 0.73
G 29 A 77.76 0.33 G 51 A 49.04 0.77
E 30 A 46.53 0.79 Y 55 A 36.59 0.39
I 34 A 18.24 5.50 I 56 A 0.21 0.58
W 42 A 50.68 0.07 V 61 A 3.32 30.01
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experimental x values of FKBP12 are given in Table 2. A
perusal of this table indicates that there is a wide distribution
of r values. The conformational parameter, Kn (tendency to be
at the N-terminal of the K-helix) has the highest correlation
(r=0.87) with x. Interestingly, the three properties volume,
shape and £exibility introduced by van Gunsteren and Mark
[26] for predicting the stability of protein mutants show a very
good correlation with x values. This result indicates that the
transition state is more compact than the unfolded state,
which is consistent with experimental observations [27]. Fur-
ther, the properties vG (r=30.64), vH (r=30.59) and 3TvS
(r=0.64) have signi¢cant correlation with x, showing the in-
£uence of thermodynamic parameters to determine the tran-
sition state structures of FKBP12, as evidenced from kinetic
experiments [27]. The inclusion of sequence and/or structural
information (Table 3) did not improve the single property
correlation as in the case of protein stability upon buried
mutations [17]. The multiple regression ¢t increases the corre-
lation up to 0.99.
In CI2, the conformational parameter, PK (K-helical ten-
dency) shows the highest correlation (r=0.93) with experi-
mental x values (Table 2). This suggests that the tendency
for forming an K-helix is very important in the transition state
structures. Experimental studies on CI2 support our observa-
tion that K-helices are formed in the hydrophobic core of
transition state structures [3]. Further, the physical and ther-
modynamic properties show an appreciable correlation with x
(jrjs 0.6), indicating that the mutations due to the reduction
of methyl groups decrease the number of contacts in the hy-
drophobic core, which is re£ected in the x values, in agree-
ment with experiments [3]. As observed in FKBP12, the in-
clusion of sequence/structural information did not improve
the correlation (Table 3). The buried mutants of CH3 are
insu⁄cient to be used in the analysis.
3.2. Partially buried mutations
The changes in each of the property values upon partially
buried mutations have been computed with Eq. 1 and the
e¡ect of sequence and structure has been included using
Eqs. 2 and 3, respectively. We found that the inclusion of
nearest neighboring residue information (window length of
three residues in Eq. 2) improves the correlation between
Table 2
Single property correlation with x values in the mutants of two-state proteins
No. Property Correlation coe⁄cient, r
buried partially buried exposeda
FK506 binding protein
1 Hp 30.22 30.30 0.69
2 Esm 0.36 0.72 0.05
3 El 30.11 30.36 0.67
4 PK 0.11 30.39 0.13
5 PL 30.12 30.15 0.76
6 Ns 0.13 30.21 0.76
7 Kn 0.87 30.43 0.31
8 Kc 30.30 0.04 30.06
9 Km 0.00 30.28 30.14
10 Nl 30.30 30.13 0.79
11 Hgm 30.54 30.15 0.64
12 vG 30.64 0.06 30.29
13 vH 30.59 0.18 30.53
14 3TvS 0.64 30.21 30.37
15 v 0.59 30.63 30.11
16 s 0.78 30.60 0.18
17 f 0.64 30.58 30.27
Chymotrypsin inhibitor
1 Hp 0.59 0.26 0.80
2 Mw 0.61 30.14 0.19
3 Esm 30.88 0.72 30.11
4 PK 0.93 0.56 0.31
5 Ns 0.71 0.15 0.79
6 V0 0.60 0.18 0.55
7 Nl 0.83 0.09 0.76
8 Hgm 0.43 0.28 0.81
9 vG 30.76 30.42 0.16
10 vH 30.90 0.23 0.42
11 3TvS 0.89 30.29 30.36
12 v 0.62 30.14 0.21
13 f 0.75 30.03 0.21
src SH3 domain
1 Hp 0.73 0.76
2 Esm 0.66 30.05
3 PK 0.37 0.30
4 PL 0.87 0.63
5 Ns 0.77 0.74
6 Nl 0.85 0.66
7 Hgm 0.72 0.74
The highest correlation coe⁄cient in each set of data is shown in bold.
aUsing sequence information.
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Pseq(i) and x values with an increase of 13% in FKBP12
(Table 3). Further increase of window length did not improve
the correlation. This result is consistent with our previous
analysis that the knowledge about the nearest neighboring
residue itself improves the predictive accuracy of solvent ac-
cessibility [28] and protein structural class [29]. In Table 2, we
present the correlation coe⁄cients for the selected 17 proper-
ties obtained with the inclusion of sequence information in
FKBP12. We found that the short and medium-range energy
(Esm) strongly correlated with x values, expressing the impor-
tance of medium-range interactions for the partially buried
mutants to in£uence the transition state structures. A good
relationship is observed between Esm and x, as seen in Fig. 1
(r=0.72).
The mutation of Glu60 to Ala and Gly at the partially
buried regions suggests that the K-helix is primarily unstruc-
tured in the transition state [5]. We found an insigni¢cant
correlation between helical propensities and x values and
the correlation is 0.04 for Kc (tendency to be at the C-terminal
of the K-helix). Our observation indicates that the helical pro-
pensities are not important in partially buried regions of the
transition state structures of FKBP12, suggesting that the
tendency to form an K-helix is very minimal, consistent with
experimental results [5].
Our further analysis on CI2 and SH3 showed that the in-
clusion of nearest neighboring residue information improves
the correlation of property values with x and the correlation
coe⁄cients for selected properties are presented in Table 2. As
observed in FKBP12, the property Esm has the highest corre-
lation (r=0.72) with x in the helical mutants of CI2, which
reveals the importance of medium-range interactions in the
formation of transition state structures. Further, an appreci-
able correlation (r=0.66) was observed between Esm and x in
SH3. The relationship between Esm and x in CI2 and SH3 is
shown in Fig. 1. The multiple regression ¢t improved the
correlation to 0.92 and 0.99, respectively, in CI2 and SH3
(Table 3).
In SH3, high x values are observed for the partially buried
mutants in strand segments [4]. Our analysis showed that
L-strand tendency (PL) has the highest correlation (r=0.87)
with x values (Table 2), demonstrating its importance in tran-
sition state structures. Our ¢ndings are supported by exper-
imental observations that the elements in L-strands could
serve as a folding nucleus during the process of SH3 folding
[4].
3.3. Exposed mutations
In exposed mutations, we found that the inclusion of se-
quence information using a nine-residue window length re-
markably improved the correlation (20%) with x values in
FKBP12 (Table 3). On the other hand, methods such as (i)
property itself and (ii) structural information showed a similar
level of correlation (r lies between 0.65 and 0.68). Interest-
ingly, the long-range interactions show a very good correla-
tion with x values, similar to the stability of proteins upon
Table 3
Highest single property and multiple correlation coe⁄cients obtained for the three methods in di¡erent data sets of two-state proteins
Method Highest absolute single correlation (multiple correlation)
buried partially buried exposed
FK506 binding protein
Property 0.87 (0.99) 0.64 (0.77) 0.66 (0.82)
Sequence (w=3) 0.84 (0.98) 0.72 (0.80) 0.68 (0.83)
Sequence (w=9) 0.76 (0.98) 0.52 (0.78) 0.79 (0.83)
Structure 0.63 (0.98) 0.43 (0.71) 0.65 (0.81)
Chymotrypsin inhibitor
Property 0.92 (0.97) 0.44 (0.76) 0.79 (0.92)
Sequence (w=3) 0.87 (0.95) 0.72 (0.92) 0.84 (0.94)
Sequence (w=9) 0.66 (0.93) 0.60 (0.92) 0.84 (0.94)
Structure 0.44 (0.88) 0.88 (0.93) 0.79 (0.92)
src SH3 domain
Property 0.82 (0.98) 0.83 (0.96)
Sequence (w=3) 0.85 (0.99) 0.90 (0.99)
Sequence (w=9) 0.87 (0.99) 0.87 (0.99)
Structure 0.94 (0.99) 0.77 (0.92)
Multiple correlation coe⁄cients are given in parentheses; the highest single property correlation coe⁄cient among di¡erent methods for each
data set is shown in bold.
Fig. 1. Relationship between experimental x values and Esm in par-
tially buried mutations of two-state proteins. The symbols b, a and
R represent FKBP12, CI2 and SH3 mutants and their respective
r values are 0.72, 0.72 and 0.66.
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surface mutations [16] and protein folding rates [30,31], which
is believed to play an important role in protein folding [24].
The correlation coe⁄cient obtained for the selected amino
acid properties by the inclusion of information from a nine-
residue window in the sequence with x values of FKBP12 is
included in Table 2. We found that the average long-range
contact (Nl) has the strongest correlation with x (r=0.79) and
the relationship between them is shown in Fig. 2. Other prop-
erties re£ecting long-range interactions, such as long-range
non-bonded energy, average number of surrounding residues
and L-strand tendency, show signi¢cant correlation with
x values. A good correlation between PL and x re£ects the
tendency for forming L-strands in the transition state struc-
tures of FKBP12, which is consistent with experimental ob-
servations that L-strand is weakly formed in the transition
state [5]. Interestingly, there is no correlation between helical
parameters and x values, indicating that these properties are
not important in the formation of transition state structures,
as observed in experiments [5]. It is noteworthy that the hy-
drophobicity scales including the e¡ect of surrounding resi-
dues have a good correlation, ranging from 0.65 to 0.75.
The multiple regression analysis increased the correlation up
to the level of 0.83.
Similar analysis has been carried out for CI2 and SH3 and
the r values are presented in Tables 2 and 3. We found that
the properties re£ecting long-range interactions have a strong
correlation with x (rs 0.75) in both CI2 and SH3. This result
is consistent with experimental observations that the long-
range contacts play an important role in the formation of
folding nucleus [3,4]. The relationship between Nl and x in
exposed strand mutants of CI2 is shown in Fig. 2. Further,
the multiple regression analysis raised the correlation up to
0.94 and 0.99, respectively, for CI2 and SH3.
3.4. Amino acid properties and random numbers
The correlation between each of the individual amino acid
properties and experimental x values was signi¢cant in all sets
of data (r=0.6^0.9). In contrast, when we generated 48 sets of
random numbers, normalized the values to those of amino
acid properties, and then calculated the correlation between
the random numbers and the experimental x values, the aver-
age r value fell within a range between 0.18T 0.11 and
0.37T 0.17 for all data sets. This veri¢es that we could clearly
discriminate between amino acid properties and random num-
bers and emphasizes the validity in selecting various amino
acid properties.
3.5. Implications for protein folding
The results obtained in the present study reveal the follow-
ing implications for protein folding. In order to interpret the
fractional x values upon mutations, the location of amino
acid residues based on solvent accessibility seems to be im-
portant. The correlation between any of the considered 48
amino acid properties and x values is not signi¢cant when
all the mutants were considered as a single data set. However,
a remarkable improvement was observed when the mutants
are grouped into buried, partially buried and exposed accord-
ing to their accessibility. Similar classi¢cation also improved
the stability of protein mutants [13], indicating the necessity of
grouping the mutants for a better understanding of protein
mutant stability as well as the transition state structures of
protein mutants.
In buried mutations, the physico-chemical properties shape,
volume and £exibility [26] are the major determinants for the
transition state structures. This implies that there will be a
decrease in number of native state contacts with the reduction
of methyl groups, which decreases the x values. This is con-
sistent with the previous observation of an approximately lin-
ear relationship between x values and nonpolar contacts
[3,32,33]. In the case of partially buried mutations, the
x values are mainly in£uenced by short and medium-range
interaction energies rather than those due to long-range con-
tacts. This indicates that the transition state structures are
dominated by local interactions. For exposed mutations, the
long-range interactions play a crucial role for determining the
transition state structures. The information carried by the in-
dividual residue may not be su⁄cient and a cluster of residues
that interacts through long-range contacts may be necessary
to determine the transition state structures. Experimental
studies support our suggestion that the long-range contacts
play an important role in the formation of folding nucleus
[3^5]. Further, the formation of secondary structures in the
transition state is dictated by the relationship between confor-
mational properties and x values and the results obtained in
the present study are in excellent agreement with experimental
observations.
4. Conclusions
We have systematically analyzed the in£uence of amino
acid properties in the transition state structures of two-state
proteins for various ranges of solvent accessibility. We found
that the formation of secondary structures (K-helix or
L-strand) in the transition state are re£ected by a good rela-
tionship between helical or strand tendency with x values.
The medium and long-range interactions play an important
role in understanding the transition state structures of partial-
ly buried and surface mutants, respectively. The x values in
Fig. 2. Relationship between experimental x values and Nl in sur-
face mutations of FKBP12 (b) and CI2 (a). The correlation coe⁄-
cient for FKBP12 and CI2 is 0.79 and 0.76, respectively.
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buried mutants are mainly explained with physical and ther-
modynamic properties. Further, we examined the e¡ect of
sequence and structural information to determine the transi-
tion state structures. We observed that the knowledge from
amino acid sequences is su⁄cient for better understanding the
transition state structures of partially buried and surface mu-
tants. The results obtained in the present study could be help-
ful for understanding the folding mechanism of two-state pro-
teins.
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